Invertebrate iridescent virus 6 (IIV-6) is a nucleocytoplasmic virus with a~212 kb linear dsDNA genome that encodes 215 putative ORFs. The IIV-6 virion-associated proteins consist of at least 54 virally encoded proteins. One of our previous findings showed that most of these proteins are encoded by genes from the early transcriptional class. This indicated that these structural proteins may not only function in the formation of the virion, but also in the initial stage of viral infection. In the current study, we followed the protein expression profile of IIV-6 over time in Drosophila S2 cells by label-free quantification using a proteomic approach. A total of 95 virally encoded proteins were detected in infected cells, of which 37 were virion proteins. The expressed IIV-6 virion proteins could be categorized into three main clusters based on their expression profiles: proteins with stably low expression levels during infection, proteins with exponentially increasing expression levels during infection and proteins that were initially highly abundant, but showed slightly reduced levels after 48 h post-infection. We thus provided novel information on the kinetics of virion and infected cell-specific protein levels that assists in our understanding of gene regulation in this lesser-known DNA virus model.
INTRODUCTION
Invertebrate iridescent virus 6 (IIV-6; previously called Chilo iridescent virus) is a member of the genus Iridovirus, family Iridoviridae (Jancovich et al., 2011) . This family consists of nucleo cytoplasmic DNA viruses that show iridescence in infected invertebrates. Replication starts in the nucleus of infected cells and continues with the formation of DNA concatemers; subsequently, assembly and maturation of virions occurs in the cytoplasm (Goorha, 1982) . The IIV-6 genome consists of 212 482 bp of linear dsDNA (Jakob & Darai, 2002; Jakob et al., 2001 ) with 215 putative proteinencoding ORFs (Magrane & UniProt Consortium, 2011) .
Upon IIV-6 infection, viral gene expression is evidenced from the synthesis of specific infected cell proteins (Barray & Devauchelle, 1985 Kelly & Tinsley, 1972) . The regulation of gene expression and the polypeptide composition of IIV-6 virion particles have been studied by different research groups (Barray & Devauchelle, 1979; Cerutti & Devauchelle, 1985; Kelly & Tinsley, 1972; Orange & Devauchelle, 1987) . Studies on IIV-6 specific infected cell proteins provided evidence for three temporal classes of gene expression: immediate-early [IE or a; 0-2 h post-infection (p.i.)], delayed-early (DE or b; 2-4 h p.i.) and late (L or c; from 6 h p.i.) (Barray & Devauchelle, 1987) , suggesting a regulation cascade for the expression of these genes with both positive and negative control mechanisms (D'Costa et al., 2001 (D'Costa et al., , 2004 . However, at the time, none of the detected proteins could be correlated with specific genes as the genome sequence had not been determined.
The purified IIV-6 DNA is not infectious by itself, but infectivity can be restored by adding virion proteins (Cerutti et al., 1989) . From this finding it was concluded that one or more virion-associated proteins function as activators for early transcription (Cerutti et al., 1989; Nalçacioglu et al., 2007) .
Previously, we identified 54 IIV-6-encoded virion proteins by using liquid chromatography tandem MS (LC-MS/MS) on in-gel-digested purified virion proteins (İnce et al., 2010) . In a parallel transcriptional study we determined to which temporal class the individual genes encoding these virion proteins belonged. This was done by determining whether these genes were transcribed in the presence or absence of inhibitors of protein and DNA synthesis (I˙nce et al., 2013 ). In the current paper, we provide novel and comprehensive information on the kinetics of both virion and infected-cell-specific viral protein levels during the infection of Drosophila S2 cells with IIV-6. Results from the proteomic analysis are compared with the previously obtained transcriptomic data.
RESULTS AND DISCUSSION
Recent advances in proteomics allow us to measure expression levels for thousands of genes simultaneously, across different conditions and over time (Nilsson et al., 2010) . As most of the cell lines susceptible to IIV are derived from insects that are not yet fully sequenced, the Drosophila S2 cell line was used as model system for IIV-6 infection as the full Drosophila genome sequence is available, thus allowing robust temporal identification and quantification of both viral and host proteins. Infected S2 cells became enlarged, rounded and granulated upon infection (data not shown). By confocal microscopy using a polyclonal antibody against IIV-6, fluorescence was clearly seen in the cytoplasm of the infected S2 cells (Fig. 1 ) at 48 h p.i., in line with what is seen by Western blot analysis (Fig. 1) . To demonstrate the length of the infection cycle, one-step growth curves were generated, showing that the IIV-6 infection cycle in Drosophila S2 cells was completed within 48 h (Fig. 2) . In these curves, the virus titres were expressed as log TCID 50 values. The observation of cytoplasmic accumulation ( Fig.  1 ) and the one-step growth curve analysis of IIV-6 in S2 cells (Fig. 2) showed that the S2 cells supported the full replicative cycle of IIV-6.
Analysis by label-free quantification (LFQ) of proteomic data of virus-infected Drosophila cells was used for two main reasons.
(1) The ability to perform comparative (Hierholzer & Killington, 1996) . Each point represents the mean±SD of three experiments. On: Thu, 10 Jan 2019 00:37:13 
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Journal of General Virology 96 measurements of the relative protein expression levels over time offers information about which viral proteins are needed at which time point during the infection process. (2) As the output of the quantification is technically similar to that of microarray studies in which transcriptome measurements are taken as a basis, the proteomics results can be compared with transcriptome analysis results. For the measurements themselves, proteomics looks at the end product of the gene expression cascade, adding up both synthesis and degradation efficiencies, whilst transcriptomics determines mRNA levels. Combining the outcomes of these two approaches provides a powerful means to understand the dynamics of viral gene expression in infected cells.
Expression proteomics on IIV-6-infected cells was used to follow viral protein levels during infection. Despite the large differences in proportional quantity of host versus viral proteins, a total of 37 out of the 54 known virion proteins (İnce et al., 2010) were identified ( Table 1) . The 37 corresponding genes are indicated on the linear map of the IIV-6 genome in Fig. 3 ('green' with black frame). The other previously identified 17 virion proteins (İnce et al., 2010), which could not be detected this time (Table 2) , are also indicated on the IIV-6 map (Fig. 3 , 'green' with light frame). Most likely this latter category of proteins is present in relatively low amounts in infected cells and these proteins may therefore be masked by the amount of host proteins. This hypothesis is in line with the previous virion protein analysis of this virus (İnce et al., 2010) , in which these 17 proteins were indeed present with relatively low abundance. Fig. 4 shows the virion protein levels during infection presented as a heat map. This map shows that not all 37 virion proteins were detected in the same intervals after infection (Fig. 4, Tables 1 and 2 ). The expression patterns could be organized in hierarchical clusters, categorizing proteins with similar expression patterns, and this ordering may give us more insight into the IIV-6 infection process. Three classes of virion proteins could be discerned (Fig. 4) . Cluster I proteins (four proteins) are expressed at very low levels throughout the infection. Cluster II (19 proteins) consists of proteins present in low quantities at the beginning of the infection, but increasingly expressed over time, whereas cluster III (14 proteins) represents proteins that were present abundantly from the beginning of the infection, peaked at 48 h p.i. and slightly decreased at later times.
In parallel, we have classified the 54 IIV-6 virion genes by transcriptome analysis (İnce et al., 2013) . When the protein heat map of the 37 observed proteins was correlated with the temporal transcription class of these 37 genes (Table 1 , Fig. 4 ), no clear correlation could be found. All transcription classes (IE, DE and L) were more or less randomly distributed over the various clusters of the protein heat map, indicating that timing of transcription is not the sole regulator of viral protein abundance.
In the infected cell proteome study, we identified 95 viral proteins in total (Table S1 , available in the online Supplementary Material), including the 37 virion proteins mentioned earlier. Fifty-eight new IIV-6 ORFs have thus been confirmed to be expressed and were assigned. When we consider the previously identified 54 virion proteins, the total number of experimentally confirmed expressed viral ORFs is now 112. As the reviewed UniProt database of IIV-6 contains 215 non-overlapping ORFs (Magrane & UniProt Consortium, 2011) , 52 % of the putative ORFs are now confirmed to be expressed into proteins. Five proteins previously detected in the virion proteome (İnce et al., 2010) were not detected in the proteomic approaches applied in this study nor were their transcripts detected in the previous transcriptomic analysis. This result is probably due to a very low concentration or short life span of the corresponding proteins, bringing these under the detection threshold of the experimental application described here.
Recently, the virion protein set of Wiseana iridescent virus (IIV-9; genus Iridovirus) has been identified, showing great consistency with the set of IIV-6 virion proteins (Wong et al., 2011) . Proteomic analysis of IIV-9 revealed 64 proteins in the virus particles, of which 43 had 39 homologues amongst the IIV-6 virion proteins. The discrepancy in the number of homologues between these two viruses is due to the fact that several IIV-6 ORFs have more than one homologue in the IIV-9 genome (Wong et al., 2011) , which may be the consequence of gene duplications. In the proteome of IIV-9-infected cells, 94 viral proteins have been identified, out of the 193 proteins (GenBank accession number NC_015780) predicted from the genomic data (Table S2 ). The IIV-6 proteome contains five proteins for which ORFs are shared amongst all iridoviruses with sequenced genome sequences: 022L, 118L, 142R, 274L and 295L, and these are amongst the 26 iridovirus core genes. The functions of the encoded proteins are largely elusive except for ORF 274L, which encodes the major capsid protein (MCP), and 118L, which is a homologue of the Rana gryliovirus (genus Ranavirus) ORF 53R, which has been shown to encode an iridovirus envelope protein (Zhao et al., 2008 ).
When we looked at the temporal expression pattern of all IIV-6 proteins, IIV-6 infection started as early as 1 h p.i. and all 95 detectable viral-encoded proteins were found within 48 h p.i. This is in line with the one-step growth curve, showing abundant final release of progeny virus at this time point. Using the comparative LFQ approach it was possible to group these proteins according to their relative abundance over time (48 versus 1 h p.i., Fig. 5 ). In the scatter plot, it is clear that one group of proteins was abundantly expressed at both 1 and 48 h p.i. (in the blue ellipse) and a second group had low or moderate expression levels after 48 h p.i. and were not or hardly measurable after 1 h p.i. (in the green ellipse). One gene (439L) had a decreased expression level at 48 h p.i. as compared with 1 h p.i. Proteins for which levels changed most are seen on the right-hand side of the graph. These proteins were~100 000 times more abundantly present at 48 h p.i. than after 1 h p.i. In this analysis, the major virion protein MCP (274L) is one of the most abundantly A global overview of the infected cell expression proteome shows the presence of various virus-encoded kinases. One putative serine/threonine kinase (380R) was present in high abundance in IIV-6 virions (Fig. 5) . Kinases are involved in phosphorylation reactions, which are amongst the most abundant and important post-translational modifications of proteins, often regulating protein activities. Virus-encoded serine/threonine protein kinases also appear to be important for virulence regulation of viral infections (Jacob et al., 2011) . It is challenging to assign functions to the IIV kinases without expressing them individually in cell culture, unravelling their subcellular localization and identifying the proteins that are specifically phosphorylated. A recent study on the serine/threonine protein kinase 389L (so-called iridoptin) suggested that this kinase is associated with the IIV-6 virion structure. The purified form of the protein induced apoptosis in insect cells (Chitnis et al., 2011) . Viral kinases are also potential antiviral drug targets, as they may play crucial roles to guarantee successful viral infection.
Further understanding of the role of these kinases in this model iridovirus may help to develop therapeutics, e.g. against devastating iridovirus outbreaks in fish farming.
The present study reveals an example of a label-free approach for virion protein detection and quantification of individual proteins using an iridovirus-infected cell model. For the virion proteins, it was not possible to cluster these in the same way as the transcripts in three classes using inhibitors (İnce et al., 2013) . IIV-6-infected cells were treated with de novo polypeptide synthesis inhibitor [200 mg cycloheximide ml 21 (Sigma)] or viral DNA replication inhibitor [100 mg cytosine-1-b-D-arabinofuranoside ml 21 (Sigma)], which only allow expression of early genes, from 1 h before infection until the time point of harvesting. However, it was observed that several late proteins such as MCP (274L) were found to be rather abundant (0 h sample). This is probably due to the presence of virus particles derived from the inoculum that remain associated with the cells during infection (Tables 1 and 2 ). Also, resolving the time-line of viral DNA replication, i.e. by quantitative real-time PCR, Arrows represent the transcriptional direction of the ORFs. All arrows with a black frame represent ORFs for which the corresponding protein was detected in the infected cell proteomic analysis. Green arrows represent known virion proteins (I˙nce et al., 2010) . 
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would further detail the time-lines of transcriptional and translational regulation in IIV-6-infected cells.
The proteomic data lead to a new way of IIV-6 gene classification, based on the protein presence profile over the course of infection. Some of the proteins present at the beginning, absent in the middle and expressed at later time points may be required to fulfil crucial roles in the initial phase of infection, e.g. to start gene expression. As IIV-6 DNA is not infectious, it is important that these proteins are produced in the late phase of infection and co-occluded within the virus structure to ensure delivery into newly infected cells.
In conclusion, the transcriptional regulation pattern of IIV-6 virion genes over time did not correlate directly with the presence of the proteins, indicating that both proteomic and transcriptomic approaches are required to obtain a complete picture and detailed understanding of IIV-6 expressomics. Our transcriptomic and proteomic studies show that many IIV-6 virion proteins are present early in infection, either as a result of early transcription or by introduction via the parental virus particle. This information is important to identify virion-associated proteins and virus-induced proteins that control initiation of viral gene expression. 415R  261R  317L  268L  084L  274L  380R  234R  232R  396L  198R  118L  149L  130R  117L  457L  295L  209R  022L   IE  IE   IE   IE   IE   IE   IE  IE The Perseus analysis software was used to show independent clustering of protein expression profiles without grouping of the time points entered. Hierarchical clustering was generated based on LFQ on their summed MS peptide signal intensities using Euclidian distance and mean linkage clustering.
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METHODS
Viral infections. The original IIV-6 virus stock was obtained from Dr James Kalmakoff (University of Otago, Dunedin, New Zealand). Drosophila S2 cells (Invitrogen) were grown in Express Five serumfree medium (Invitrogen) at 27 uC with 80-90 % coverage in T25 flask surface (~10 7 cells) and infected with IIV-6 virus at m.o.i. 13. The virus titre was determined with an end-point dilution assay (EPDA), using the Spearman-Kärber algorithm (Hierholzer & Killington, 1996) to calculate virus titres. The cells were harvested for proteomic analysis at 0, 1, 12, 24, 48, 72 and 96 h p.i., centrifuged (210 g; 2 min), and washed twice with 0.1 M Tris/HCl, pH 7.6, containing 0.1 M DTT. The crude cell pellet was kept at 220 uC. The cells from 0 h p.i. were used as a control.
To generate one-step growth curves, S2 cell monolayers in T25 flask were infected with IIV-6 at m.o.i. 10 in three independent experiments. After the flasks were rocked for 60 min at 28 uC, the cells were thoroughly washed with Express Five serum-free medium to remove unbound virus. Samples of the medium were harvested at 0, 12, 24, 48, 72 and 96 h p.i., and viral titres were determined by EPDA for each time point.
Western blot analysis. The proteins were separated on 12 % SDS-PAGE gels and then transferred to Immobilon-P at 0.8 mA cm -2 for 1 h. Polyclonal antibodies raised in rabbits against the purified IIV-6 particles (a gift from Dr Vernon K. Ward, University of Otago, Dunedin, New Zealand) were used as primary antibodies (anti-IIV-6 antibodies; 1 : 2000) . Goat alkaline phosphatase-conjugated antirabbit antibodies (1 : 3000; Invitrogen) were used as secondary antibodies and detection was performed with the chromogenic alkaline phosphatase substrate BCIP/nitro blue tetrazolium (1 : 1000; Thermo Scientific Pierce).
Immunofluorescence microscopy. Glass slides were coated with 0.05 %, w/v, poly-L-lysine. An infected cell suspension was placed on a coated glass slide, fixed with ethanol and washed in PBS. The surface of the glass slides was covered with blocking buffer (1 %, w/v, BSA in PBS, pH 7.2) for 30 min at 37 uC. The antibodies were diluted in washing buffer (0.1 %, w/v, BSA in PBS, pH 7.2) and the glass slides were kept under humid conditions. Fixed cells were covered with primary antibody (polyclonal anti-IIV-6; 1 : 1000) and incubated for 1 h at 37 uC. Incubation with the secondary antibody Alexa Fluor 488 goat anti-rabbit (1 : 400; Invitrogen) was also for 1 h at 37 uC. After washing, the glass slides were mounted with anti-fadent (AF1; Citifluor) and coverslips were placed over the cells. The specimens were stored at 4 uC until examination with a LSM510 confocal laser scanning microscope (Zeiss).
MS. Crude cell pellets from the different time points were prepared for LC-MS/MS analysis by the FASP (filter-aided sample preparation) method (Wiśniewski et al., 2009) . Briefly, the cells were suspended in 200 ml lysis solution (0.1 M Tris/HCl, pH 8.0, 0.1 M DTT and 8 M urea) and genomic DNA was sheared by sonication using standard protocols. The soluble and insoluble fractions of the resulting cell lysate were separated by centrifugation (18 200 g; 10 min). The concentration of 100 times diluted protein samples were determined by the Bradford method (Bradford, 1976) . Samples of 2 mg of each of the fractions were applied to Nanosep 3K Omega centrifuge filters ) ; other viral proteins, blue dots. In the scatter plot, the most abundantly expressed proteins are shown in the blue ellipse. Proteins in the green ellipse show low expression levels and are often measurable only at 48 h p.i. For these proteins, the 1 h value was set arbitrarily at background abundance.
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(Pall) and centrifuged (14 000 r.p.m.; 30 min; room temperature). After washing the filter units with 100 ml 8 M urea/0.1 M Tris/HCl (UT), pH 8.0, the samples were incubated with 100 ml 0.05 M iodoacetamide in UT for 1 h followed by centrifugation (14 000 r.p.m.; 10 min). The filter units were washed twice with 110 ml UT and one time more with 140 ml 0.05 M NH 4 HCO 3 . Proteins were digested by incubation with 0.1 mg sequencing-grade trypsin in 100 ml 0.05 M NH 4 HCO 3 overnight at room temperature, and the filtrates were recovered and analysed by LC-MS/MS (Table S3) as described previously (I˙nce et al., 2010) .
Identification and quantification of the IIV-6 virion proteins.
The raw data files from the LTQ Orbitrap (Thermo Scientific) were analysed with MaxQuant software version 1.1.1.36 (Cox & Mann, 2008; Cox et al., 2011) . MS/MS spectra were searched against targetdecoy databases. The databases used were downloaded from UniProt (http://www.uniprot.org/: IIV-6) (Magrane & UniProt Consortium, 2011) and from Flybase (http://flybase.org/: Drosophila melanogaster; version FB2011-06, Indiana University) (Tweedie et al., 2009) . A database of common contaminants was included in the search. MaxQuant 1.1.1.36 settings were as described in Kariithi et al. (2011) and filtered with Perseus as described in Smaczniak et al. (2012) . Proteins were filtered to have at least two peptides identified, of which one should be unique and unmodified. The virion protein expression data obtained using the LFQ approach from MaxQuant was used to create a profile of expression levels with Perseus, which is presented as a heat map. This was done by first adding up the intensity data as obtained from MaxQuant for the soluble and insoluble protein fractions [the normal intensity, not the LFQ intensity nor the iBAQ (intensity-based absolute quantification) intensity]. The Perseus analysis software was then used to show independent clustering of protein expression profiles without grouping of the time points entered (Smaczniak et al., 2012) . When comparing levels, missing intensity values (i.e. below the threshold at a given time point) were given an artificial abundance background value.
